Purpose: Recombinant tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is a promising antitumor agent. However, many hepatocellular carcinoma (HCC) cells show resistance to TRAILinduced apoptosis. Here, we report that sorafenib improves the antitumor effect of TRAIL-related agents in resistant HCC.
Human hepatocellular carcinoma (HCC) is the fifth most prevalent solid tumor in the world and the fourth main inducer of cancer-related death (1) . For patients with early HCC, surgery, local treatment, and liver transplantation may provide curative potential (2) . However, many patients with advanced stage are not eligible for curative therapies. Importantly, previous clinical investigations have shown that traditional systemic chemotherapy could not provide survival benefits in patients with HCC (2) . Recently, sorafenib (Nexavar), a multiple kinase inhibitor, has shown survival benefits in patients with advanced HCC in large phase III studies and become the first clinically approved drug for HCC (3, 4) . Sorafenib displays a remarkable inhibition of the serine-threonine kinase Raf of the Ras/ Raf/mitogen-activated protein kinase/extracellular signalregulated kinase (ERK) signaling pathway (5, 6) and also suppresses other receptor tyrosine kinases such as VEGFR2 (vascular endothelial growth factor receptor 2), VEGFR3, Flt-3, PDGFR (platelet-derived growth factor receptor), and FGFR-1 (fibroblast growth factor receptor-1; refs. 7, 8) .
Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL/Apo2L), a type II transmembrane protein from the tumor necrosis factor superfamily, has been shown to have a potent apoptosis effect suitable for cancer therapy (9) (10) (11) . In addition to human recombinant TRAIL, monoclonal antibodies against death receptors have shown potential for cancer therapy. LBY135, a chimeric anti-DR5 agonistic antibody, is currently under clinical investigation (12) . LBY135 binds to DR5 specifically with nanomolar affinity and mimics the ligand association for downstream apoptotic signaling. Although TRAIL selectively kills cancer cells and spares normal cells, some cancer cells are highly resistant to TRAIL-induced apoptosis. According to our previous study, we found that HCC cells were quite resistant to TRAIL and TRAIL alone was unable to induce apoptotic cell death even at the highest concentration of 1,000 ng/mL (13) .
Many factors may influence the sensitivity of these cancer cells to TRAIL. For example, overexpression of antiapoptotic proteins such as Mcl-1, a member of Bcl-2 family, may neutralize TRAIL-related signaling (14, 15) . In addition, other reports have indicated that Mcl-1 is the critical gateway for TRAIL sensitization and Mcl-1 could confer TRAIL resistance by serving as a buffer for Bak, Bim, and Puma (16, 17) .
STAT3 plays a critical role in transcriptional regulation of genes that are involved in cell proliferation and survival. STAT3 could be activated by tyrosine phosphorylation responding to stimulation by cytokines such as interleukin-6 and growth factors including epidermal growth factor receptor (EGFR), FGFR, and PDGFR (18) . On tyrosine phosphorylation, STAT3 homodimerizes or heterodimerizes with STAT1, then translocates to the nucleus, and binds to consensus DNA sequences within promoters of its target genes. STAT3 regulates expression of numerous apoptosis-related proteins, including Bcl-2, Bcl-xL, Mcl-1, survivin, and cyclin D1. Notably, STAT3 signaling is downregulated by protein tyrosine phosphatases, such as the SH2 domain-containing tyrosine phosphatase family (SHP-1 and SHP-2), and protein tyrosine phosphatase 1B (PTP-1B; ref. 19) . These phosphatases reduce STAT3 activation directly by dephosphorylation of STAT3.
In this study, we show that sorafenib sensitizes resistant HCC cells to TRAIL-induced apoptosis through SHP-1-dependent STAT3 inhibition. The molecular mechanism by which sorafenib overcomes TRAIL resistance is unraveled, and STAT3 is identified as a novel target of sorafenib in HCC.
Materials and Methods

Reagents and antibodies
Sorafenib (Nexavar) and LBY135 were kindly provided by Bayer Pharmaceuticals and Novartis Pharmaceuticals, respectively. For in vitro studies, sorafenib at various concentrations was dissolved in DMSO and then added to the cells in 5% fetal bovine serum (FBS)-containing DMEM.
Recombinant TRAIL was purchased from Biomol. Vanadate and SHP-1 inhibitor were purchased from Cayman Chemical. Antibodies for immunoblotting such as Akt1, Bad, Bax, Mcl-1, and poly(ADP-ribose) polymerase (PARP) were purchased from Santa Cruz Biotechnology. Other antibodies such as anti-phospho-ERK1/2 (pERK1/2), ERK2, survivin, cyclin D1, Bcl-2, Bcl-xL, Bid, caspase-3, caspase-8, caspase-9, FADD (Fas-associated protein with death domain), c-FLIP (cellular FLICE-inhibitory protein), phospho-STAT3 (pSTAT3; Tyr 705 ), STAT3, and phosphoAkt (pAkt; Ser 473 ) were from Cell Signaling. DR4 and DR5 were from BioLegend (flow cytometry) and Diaclone (Western blot).
Cell culture
The Huh-7 HCC cell line was obtained from the Health Science Research Resources Bank (JCRB0403). The PLC/PRF/5 (PLC5), Sk-Hep1, and Hep3B cells were obtained from the American Type Culture Collection. HCC cells were maintained in DMEM supplemented with 10% FBS, 100 units/mL penicillin G, 100 μg/mL streptomycin sulfate, and 25 μg/mL amphotericin B in a 37°C humidified incubator under an atmosphere of 5% CO 2 in air (20) .
Cell viability analysis
The effect of individual test agents on cell viability was assessed by using the MTT assay in six replicates. Cells (5,000 per well) were seeded and incubated in 96-well, flat-bottomed plates in DMEM with 10% FBS for 24 hours and were exposed to various concentrations of test agents in 5% FBS-supplemented DMEM for 24 hours. Controls received DMSO vehicle at a concentration equal to that of drug-treated cells. The medium was removed and replaced by 200 μL of 0.5 mg/mL MTT in 10% FBS-containing DMEM, and cells were incubated in the CO 2 incubator at 37°C for 2 hours. Supernatants were removed from the wells, and the reduced MTT dye was dissolved in 200 μL/well DMSO. Absorbance at 570 nm was determined on a plate reader.
Apoptosis analysis
The following three methods were used to assess druginduced apoptotic cell death: the measurement of apoptotic cells by flow cytometry (sub-G 1 ) and Western blot analysis of caspase activation and PARP cleavage.
Detection of surface TRAIL receptors
HCC cells were exposed to 7.5 μmol/L sorafenib for 24 hours and then incubated with DR4 or DR5 antibodies for 30 minutes. Antibodies were purchased from BioLegend. The procedure has been described previously (13) .
Gene knockdown using small interfering RNA SMARTpool small interfering RNAs (siRNA), including control, survivin, Mcl-1, STAT3, SHP-1, SHP-2, and PTP-1B, were all purchased from Dharmacon, Inc. The procedure has been described previously (13) .
Translational Relevance
Recombinant tumor necrosis factor-related apoptosisinducing ligand (TRAIL) is a promising antitumor agent. However, many hepatocellular carcinoma (HCC) cells show resistance to TRAIL-induced apoptosis. This current work shows that sorafenib, the only approved drug for the treatment of HCC, improves the antitumor effect of TRAIL and TRAIL-related antibody (LBY135) in TRAIL-resistant HCC. This study identifies the mechanism by which the combination of sorafenib and TRAIL overcomes the drug resistance in HCC and provides a mechanistic base for future clinical investigations.
Transient transfection
The survivin and STAT3 plasmid DNA used in this study were obtained from OriGene and Addgene plasmid repository (http://www.addgene.org/), respectively. For transient transfection, 5 × 10 5 cells were seeded into 6-cm plates and transiently transfected with 3 μg of survivin or STAT3 plasmids using Lipofectamine 2000 transfection reagent (Invitrogen).
SHP-1 phosphatase activity
After sorafenib treatment, PLC5 protein extract was incubated with anti-SHP-1 antibody in immunoprecipitation buffer overnight. Protein G-Sepharose 4 Fast flow (GE Healthcare Bio-Science) was added to each sample, followed by incubation for 3 hours at 4°C with rotation. A RediPlate 96 EnzChek Tyrosine Phosphatase Assay kit was used for SHP-1 activity assay (Molecular Probes, Invitrogen).
Xenograft tumor growth
Male NCr athymic nude mice (5-7 weeks of age) were obtained from the National Laboratory Animal Center (Taipei, Taiwan). All experimental procedures using these mice were done in accordance with protocols approved by the Institutional Laboratory Animal Care and Use Committee of National Taiwan University. Each mouse was inoculated s.c. in the dorsal flank with 1 × 10 6 PLC5 cells suspended in 0.1 mL of serum-free medium containing 50% Matrigel (BD Biosciences). When tumors reached 200 to 300 mm 3 , mice received an i.v. injection of LBY135 (200 μg) three times a week, sorafenib tosylate (5 mg/kg) orally once daily, or the combination of LBY135 and sorafenib. Tumors were measured weekly using calipers, and their volumes were calculated using the following standard formula: width 2 × length × 0.52 (20) .
Immunohistochemistry
Formalin-fixed, paraffin-embedded tissue sections were deparaffinized in xylene and rehydrated in a series of ethanol solutions with decreasing concentrations and finally in PBS. Antigen retrieval was done in 0.01 mol/L sodium citrate buffer (pH 6.0) at 100°C for 15 minutes. Frozen tissues were cut into 7-μm sections and fixed in 4% paraformaldehyde for 15 minutes. Both paraffinembedded tissue and cryostat sections were then treated with 3% hydrogen peroxide for 10 minutes, blocked with 3% bovine serum albumin (Sigma) and 10% FBS (Biological Industries) for 90 minutes, and incubated with rabbit monoclonal anti-human STAT3 (1:100) or anti-pSTAT3 (1:50) antibodies (Cell Signaling) overnight at 4°C. On the next day, the EnVision system (DAKO) and 3,3′-diaminobenzidine (Sigma) were used to detect specific signals. All sections were counterstained with hematoxylin (Merck). All pathologic samples of the patients in this study were obtained following written informed consent from patients. The Ethical Committee of the National Taiwan University Hospital has approved the protocol of this study.
Statistical analysis
Comparisons of mean values were done using the independent sample t test in SPSS for Windows 11.5 software (SPSS, Inc.; ref. 20) .
Results
Sorafenib enhances TRAIL-induced apoptosis in resistant HCC cells
To investigate combinational effects of sorafenib and TRAIL on HCC cells, we first examined the effects of both drugs on cell viability in a panel of four human HCC cell lines (Hep3B, PLC5, Huh-7, and Sk-Hep1) at clinically relevant concentrations. Cell viability was measured by MTT assay. Our data showed that the combination of TRAIL and sorafenib enhanced the antitumor effects of sorafenib in a dose-dependent manner (Fig. 1A) . We then examined the sensitizing effect of sorafenib on TRAIL-induced apoptosis in HCC cells. Apoptotic cells (sub-G 1 ) were determined by flow cytometry after 24 hours of treatment. Our previous results indicated that HCC cells were quite resistant to TRAIL and TRAIL alone was unable to induce apoptosis in any of the four types of cells even at the highest concentration of 1,000 ng/mL (13) . However, combining sorafenib at 7.5 μmol/L with TRAIL reversed the resistance in all four cell lines and induced significant apoptosis in a dose-dependent manner starting from TRAIL at the concentration of 25 ng/mL (Fig. 1B) . In addition, we further examined whether sorafenib sensitized LBY135, an agonistic DR5 antibody, in HCC cells. We found that these HCC cells were also resistant to LBY135 and that combinations of LBY135 (500 ng/mL) and sorafenib (7.5 μmol/L) enhanced LBY135-induced apoptosis significantly in all tested HCC cells, suggesting that synergistic interactions between sorafenib and TRAIL-related agents did exist in HCC cells (Fig. 1C) .
To examine the apoptotic pathways, we did a doseescalation analysis of sorafenib on TRAIL-induced apoptosis in Hep3B cells and found that a combination of sorafenib and TRAIL induced activation of caspase-8 and was followed by the cleavage of Bid and activation of caspase-9, caspase-3, and PARP cleavage in a dose-dependent manner. Our data showed that a combination of TRAIL (100 ng/mL) and sorafenib (7.5 μmol/L) induced apoptosis in association with the cleavage of Bid and activation of caspase-9. These results indicate the importance of the intrinsic mitochondrial pathway in TRAIL-induced apoptosis (Fig. 1D) .
Downregulation of pSTAT3 is associated with sensitizing effects of sorafenib in HCC cells
Previous reports have suggested that the sensitizing effect of sorafenib was mediated through affecting Mcl-1, an antiapoptotic Bcl-2 family protein (15, 16) . Given the fact that STAT3 plays a significant role in regulating the expression of Mcl-1, we next investigated its related proteins, including pSTAT3 and STAT3, and STAT3-related proteins, including Mcl-1, survivin, and cyclin D1. We found that downregulation of pSTAT3 was associated with the sensitizing effect of sorafenib on TRAIL-induced apoptosis. As shown in Fig. 2A , sorafenib downregulated pSTAT3 (Tyr 705 ) and related proteins, Mcl-1, survivin, and cyclin D1, in all types of HCC cells, whereas protein levels of total STAT3 were not altered ( Fig. 2A) . Furthermore, downregulation of pSTAT3 was associated with the cleavage of PARP as shown by evidence of apoptosis induction in cells exposed to sorafenib and TRAIL for 24 hours (Fig. 2A) . Moreover, our data showed that sorafenib downregulated pSTAT3 in PLC5 cells in both dose-and time-dependent manners (Fig. 2B ). In addition, both sorafenib alone and with cotreatment with LBY135 showed downregulations of pSTAT3 and related proteins, including Mcl-1, survivin, and cyclin D1, in Sk-Hep1 cells (Fig. 2C) , suggesting that inhibition of STAT3 may mediate sensitizing effects of sorafenib on TRAIL-related agents.
About other apoptosis-related molecules, protein levels of pAkt, Akt, Bcl-2, and Bcl-xL were not changed significantly in cells exposed to sorafenib. In comparison with pSTAT3, protein levels of proapoptotic proteins, including Bax and Bad, were not altered significantly in HCC cells after treatment with sorafenib (Fig. 2D, left) . Notably, sorafenib did not downregulate pERK significantly, suggesting Fig. 1 . Sorafenib enhances TRAIL-induced apoptosis in resistant HCC cells. A, dose-escalation effects of sorafenib with 100 ng/mL TRAIL on cell viability in four TRAIL-resistant HCC cells. HCC cells were exposed to drugs for 24 h and analyzed by MTT. Points, mean (n = 6); bars, SD. B, dose-escalation effects of TRAIL with 7.5 μmol/L sorafenib on apoptosis in four TRAIL-resistant HCC cells. Cells were exposed to drugs for 24 h, and apoptotic cells were analyzed by flow cytometry. C, effects of 500 ng/mL LBY135 and 7.5 μmol/L sorafenib on apoptosis in four TRAIL-resistant HCC cells. D, dose-dependent effects of sorafenib on TRAIL-induced apoptosis in Hep3B cells. Cells were exposed to drugs for 24 h. CF, cleaved form (activated form).
that the effect of sorafenib on Raf-1 may not be important to its synergy with TRAIL (Fig. 2D, right) .
No significant effects of sorafenib on TRAIL receptors
To understand the effect of sorafenib on TRAIL-induced apoptosis, we next examined TRAIL receptors and TRAIL DISC proteins, including FADD and c-FLIP, in sorafenibtreated cells. We examined the protein levels of DR4, DR5, FADD, and c-FLIP in HCC cells. Cells were exposed to sorafenib at various doses for 24 hours and analyzed by Western blot. We found that sorafenib did not alter the expression of these related proteins significantly in PLC5 and Sk-Hep1 cells (Fig. 3A) . Moreover, FADD plays a key role in DISC formation and mediates TRAIL-induced apoptosis. We found that the expression of FADD was not much changed in the presence of sorafenib in HCC cells. Notably, the previous report has suggested that c-FLIP may play an important role in mediating the effect of sorafenib on TRAIL-induced apoptosis (21) . In this regard, we found that sorafenib did not alter protein levels of c-FLIP (two isoforms) in HCC cells (Fig. 3A) . In addition, cotreatment of sorafenib and TRAIL did not affect protein levels of TRAIL-related molecules in PLC5 cells (Fig. 3B) . Next, we examined the surface expression of TRAIL receptors in HCC cells. Cells were exposed to sorafenib at 7.5 μmol/L for 24 hours and then harvested for analysis of surface expression of TRAIL receptors by immunofluorescent staining and subsequent flow cytometry. As shown in Fig. 3C , treatment of sorafenib did not change surface expressions of DR4 and DR5 significantly in any of the four types of HCC cells (Fig. 3C) . These results suggest that sorafenib did not synergize TRAIL in HCC cells by affecting TRAIL receptors or DISC components.
Validation of STAT3
Several approaches were used to validate the inhibition of STAT3 signals responsible for the TRAIL-sensitizing effect of sorafenib on apoptosis in HCC cells. First, we knocked down protein expression of survivin and STAT3 by using siRNA. PLC5 cells were transfected with either control or survivin siRNA or STAT3 siRNA for 48 hours and then exposed to DMSO or TRAIL at the Fig. 2 . Downregulation of pSTAT3 is associated with sensitizing effects of sorafenib in HCC cells. A, effects of sorafenib (7.5 μmol/L) and/or TRAIL (100 ng/mL) on STAT3-related proteins. B, top, dose-escalation effects of sorafenib on pSTAT3 in PLC5 cells; bottom, time-dependent analysis of sorafenib on pSTAT3 in PLC5 cells. PLC5 cells were exposed to the indicated drugs for 24 h (top) or the indicated time (bottom). C, effects of sorafenib and/or LBY135 on STAT3-related proteins. PLC5 cells were exposed to the indicated drugs for 24 h. D, left, effects of sorafenib (7.5 μmol/L) and/or TRAIL (100 ng/mL) on apoptosis-related proteins. PLC5 cells were exposed to the indicated drugs for 24 h. Right, effect of sorafenib (7.5 μmol/L) on pERK and ERK2. Cells were treated with sorafenib for 24 h. indicated doses for another 24 hours. Our data showed that silencing STAT3 and survivin sensitized PLC5 cells to TRAIL-induced apoptosis significantly (P < 0.05; Fig. 4A and B), indicating that inhibition of STAT3 signaling pathway was critical to TRAIL sensitivity in HCC cells. Notably, downregulation of Mcl-1 also increased TRAIL-induced apoptosis in PLC5 cells, indicating that Mcl-1 plays a role in regulating the effects of TRAIL in HCC cells (Fig. 4A,  right) . Next, we upregulated expressions of survivin and STAT3 by transfections of both proteins transiently to investigate the TRAIL-sensitizing effect of sorafenib. As shown in Fig. 4C and D, overexpressions of survivin or STAT3 abolished the TRAIL-sensitizing effect of sorafenib on apoptosis with statistical significance (P < 0.05) as evidenced by activation of caspase-9. Together, these results validated the importance of STAT3 inhibition in mediating the effect of sorafenib on TRAIL sensitivity.
Inhibition of SHP-1 reverses the effects of sorafenib on pSTAT3 and TRAIL-induced apoptosis
To answer the question of how sorafenib downregulates pSTAT3 in HCC cells, we investigated the role of protein phosphatase on the effect of sorafenib on pSTAT3. Our data showed that vanadate, a nonspecific protein tyrosine phosphatase inhibitor, reversed the downregulation of pSTAT3 in PLC5 cells after treatment with sorafenib (Fig. 5A, left) , suggesting that sorafenib may downregulate pSTAT3 via affecting protein tyrosine phosphatase. We then used the specific SHP-1 inhibitor to examine the role of SHP-1 in the effects of sorafenib on pSTAT3. Our data showed that SHP-1 inhibitor reversed the effects of sorafenib on pSTAT3 (Fig. 5A, middle) . Next, we knocked down SHP-1 by siRNA in PLC5 cells and found that silencing SHP-1 abolished the effects of sorafenib on pSTAT3 (Fig.  5A, right) , suggesting that sorafenib may downregulate pSTAT3 through influencing SHP-1. Notably, sorafenib did not affect the expression level of SHP-1 in HCC cells. In addition, the effect of sorafenib on SHP-1 phosphatase activity in PLC5 cells was measured. As shown in Fig. 5B (left), sorafenib elevated SHP-1 activity (P < 0.05). Moreover, we examined whether sorafenib upregulated SHP-1 activity by affecting the phosphorylation of SHP-1, as sorafenib is a kinase inhibitor. According to the previous report, phosphorylation of SHP-1 at Tyr 536 may upregulate Fig. 3 . No significant effects of sorafenib on TRAIL receptors. A, dose-dependent analysis of protein levels of TRAIL receptors and related components in HCC cells. Cells were exposed to sorafenib at the indicated concentrations for 24 h. B, analysis of protein levels of TRAIL receptor and related components in PLC5 cells. Cells were exposed to 7.5 μmol/L sorafenib and/or 100 ng/mL TRAIL for 24 h. C, cell surface distributions of DR4 and DR5 in the presence of sorafenib. Cells were exposed to sorafenib at 7.5 μmol/L for 24 h and then harvested for analysis.
its activity (22) . Contrarily, phosphorylation of SHP-1 at Ser 591 might downregulate its activity (23) . Our data showed that neither sorafenib alone nor with cotreatment with TRAIL altered phospho-SHP-1 (pSHP-1) at both sites (Fig. 5B, middle and right) . Previous study has shown that other protein tyrosine phosphatases such as SHP-2 and PTP-1B may also regulate STAT3 signaling pathway. We then examined their roles in sorafenib-treated cells. We found that silencing SHP-2 did not influence the effects of sorafenib on pSTAT3, and neither did knockdown of PTP-1B in HCC cells (Fig. 5C and D, left) , indicating that SHP-2 and PTP-1B are not crucial for mediating the effect of sorafenib on pSTAT3. Notably, the interaction between STAT3 and SHP-1 was assessed by coimmunoprecipitation in drug-treated cells. Sorafenib did not alter the interaction between SHP-1 protein and STAT3 protein, suggesting that the effect is not mediated through protein interactions (data not shown). Furthermore, suppressors of cytokine signaling such as SOCS-1 and SOCS-3 play a key role in regulation of SHP-1 (24) (25) (26) (27) . SOCS-1 interacts with Janus-activated kinase (JAK) to suppress cytokine signaling (28, 29) . The high prevalence of aberrant SOCS-1 hypermethylation is implicated in constitutive activation of JAK/STAT pathway to Fig. 4 . Validation of STAT3. A, left, downregulation of survivin by siRNA overcomes the resistance to TRAIL in PLC5 cells; right, downregulation of survivin by siRNA increased TRAIL-induced apoptosis in PLC5 cells. B, downregulation of pSTAT3 by STAT3 siRNA overcomes the resistance to TRAIL in PLC5 cells. Cells were transfected with either control siRNA, survivin siRNA, or STAT3 siRNA for 48 h and then exposed to 100 ng/mL TRAIL for 24 h. C, protective effects of survivin on apoptosis induced by the combination of TRAIL and sorafenib in PLC5 cells. D, protective effects of STAT3 on apoptosis induced by the combination of TRAIL and sorafenib in PLC5 cells. Columns, mean (n = 3); bars, SD. *, P < 0.05. Cells were transfected with myc-survivin or STAT3 transiently and were exposed to the combination of 7.5 μmol/L sorafenib and 100 ng/mL TRAIL for 24 h. Apoptotic cells were analyzed by flow cytometry. Columns, mean (n = 3); bars, SD. *, P < 0.05.
promote HCC oncogenesis (30) . We examined the effects of sorafenib on the expression of SOCS-1 and SOCS-3. Our data showed that sorafenib did not alter the protein level of SOCS-1 and SOCS-3 significantly in PLC5 cells, suggesting that the SOCS family may not mediate the effect of sorafenib on SHP-1.
Effect of sorafenib and LBY135 on PLC5 xenograft tumor growth in vivo
To confirm whether the synergistic effect of sorafenib and TRAIL-related agents in resistant cell lines has potentially relevant clinical implications, we assessed the in vivo effect of sorafenib plus LBY135 on the growth of HCC xenograft tumors. Several studies including ours indicated that sorafenib showed good antitumor activity in PLC5 xenograft (6, 31) . In addition, our in vitro data indicated that sorafenib downregulated pSTAT3 in PLC5 cells significantly (Fig. 2B) . Therefore, we used PLC5 cells to test our hypothesis in vivo. According to Liu et al.'s study (6) , sorafenib inhibited PLC5 tumor growth significantly at the dose of 10 mg/kg/d. As we have shown that the subeffective dose of sorafenib (5 mg/kg/d) enhanced the effects of bortezomib on PLC5 tumor growth previously (31), we then decreased the dose to 5 mg/kg/d to test the combinational effect with LBY135. As sorafenib shows significant dose-related adverse effects in patients with higher doses, lower dose of sorafenib might be more feasible in the combinational therapy. Tumor-bearing mice were treated with vehicle or sorafenib orally at 5 mg/kg/d or LBY135 i.v. at 200 μg three times a week for 3 weeks. All animals tolerated the treatments well without observable signs of toxicity and had stable body weights throughout the course of study. No gross pathologic abnormalities were noted at necropsy.
As shown in Fig. 6A , tumor growth was significantly inhibited by treatment with sorafenib plus LBY135 for 2 weeks (versus control, P < 0.05), and tumor size in the treatment group was only half that of the control group at the end of the study. Treatment with sorafenib or LBY135 had no significant effect on PLC5 tumor growth. Tumor weight was measured at the end of the study, and our data showed that cotreatment of sorafenib and LBY135 reduced tumor weight significantly (versus control, P < 0.05; Fig. 6B ). Together, these data indicate that combinations of sorafenib and LBY135 exhibited better antitumor activity in vivo. Further clinical investigation is warranted.
To examine the status of STAT3 activation in human, we did the analysis of immunohistochemistry for STAT3 and pSTAT3 (Tyr 705 , activated STAT3) on HCC tissues and normal liver tissues to determine whether STAT3 expression is related to HCC. We stained 29 pairs of HCCs and the nontumor part. We found that 72.4% (21 of 29) of our samples showed overexpression of STAT3 in the tumor part compared with the nontumor part in terms of the combinatory scoring of the percentage of STAT3-positive cells and the staining intensity. In these 21 cases, we detected nuclear staining pattern of STAT3 in the majority of cells, which was suggestive of active STAT3, in 14 cases (48.3%). Our data indicated that STAT3 and pSTAT3 ex- pression was significantly increased in HCC tissues when compared with normal liver samples (Fig. 6C) , which is consistent with the previous report (32) . Our data suggest that the activation of STAT3 signaling pathway is present in human HCC.
Discussion
Several previous studies have shown the cytotoxic synergy between sorafenib and TRAIL in various types of cancer cells (15, 16, 21) . According to these reports, the inhibition of Mcl-1 is a target of sorafenib on TRAIL sensitivity. Consistent with previous data, we further showed that sorafenib suppressed not only Mcl-1 but also other STAT3-related proteins, survivin and cyclin D1, in HCC. Our data confirm that the inhibition of STAT3 represents the major mechanism for the sensitizing effect of sorafenib on TRAIL in HCC. Notably, Yang et al. (33) reported that sorafenib inhibits STAT3 signaling in medulloblastomas cells, consistent with our current findings in HCC cells. In addition to Yang et al.'s report, a recent study from Blechacz et al. (34) suggested that sorafenib inhibited STAT3 by influencing SHP-2 through downregulation of pSHP-2 in cholangiocarcinoma. However, Blechacz et al. did not show the data of SHP-1 in their report. In this regard, our present study indicated that knockdown of SHP-2 did not alter the effects of sorafenib on apoptosis and STAT3 phosphorylation in HCC cells (Fig. 5C ), and our data showed that SHP-1, but not SHP-2, is the primary target of sorafenib in HCC ( Fig. 5A and B) . Although it is still unclear why sorafenib affected different protein phosphatase among various types of cancer, our study provides the important information that SHP-1, but not SHP-2, is the target for HCC, which might be crucial clinically. Certainly, more efforts need to be done to understand the reason why sorafenib affect different protein tyrosine phosphatases among HCC and cholangiocarcinoma.
Previous reports have suggested that STAT3 would act as a therapeutic target for tumor suppression. Kusaba and colleagues (35) showed that Janus kinase 2 inhibitor, AG490, could abrogate the activation of constitutive STAT3 to sensitize human HCC cells to TRAIL-mediated apoptosis in Huh-1, Huh-7, and HepG2, indicating that the inhibition of STAT3 confers TRAIL sensitivity in HCC. Several studies have also shown that tumors with JAK/STAT3 signaling activation become more aggressive and are associated with poor prognosis in HCC patients, suggesting that STAT3 inhibitors may serve as therapeutic modality for human hepatocellular cancer. Several chemicals have shown antitumor activity; for example, benzyl isothiocyanate induces apoptosis in some types of pancreatic cancer cells through reduced expression of activated/total STAT3 proteins and STAT3-DNA binding affinity (36) .
Several reports have shown that compounds may inhibit STAT3 by the induction of SHP-1. For example, acety-11-keto-β-boswellic acid and butein (3,4,2′,4′-tetrahydroxychalcone) exhibited tumor inhibition through downregulation of STAT3 in myeloma cells via the induction of SHP-1 (37, 38) . Unlike previous studies, our data indicate that sorafenib increased SHP-1 activity without affecting expression levels of SHP-1. Moreover, phosphorylated forms of SHP-1 (Tyr 536 and Ser
591
) were not affected in sorafenib-treated cells, indicating that sorafenib may not upregulate SHP-1 activity by affecting its phosphorylation. However, the mechanism by which sorafenib influences SHP-1 activity remains unclear and needs to be further studied.
Collectively, we have shown that sorafenib overcomes TRAIL resistance in HCC and identified that STAT3 signaling pathway plays a significant role in mediating the effect of sorafenib on TRAIL sensitivity. This study suggests that STAT3 may be a useful therapeutic biomarker for HCC patients with sorafenib treatment.
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